Recently, non-Gaussian diŠusion-weighted imaging (DWI) techniques, including qspace imaging (QSI) and diŠusional kurtosis imaging (DKI), have emerged as advanced methods to evaluate tissue microstructure in vivo using water diŠusion. QSI and DKI have shown promising results in clinical applications, such as in the evaluation of brain tumors (e.g., grading gliomas), degenerative diseases (e.g., speciˆc diagnosis of Parkinson disease), demyelinating diseases (e.g., assessment of normal-appearing tissue of multiple sclerosis), and cerebrovascular diseases (e.g., assessment of the microstructural environment of fresh infarctions). Representative metrics in clinical use are the full width at half maximum, also known as the mean displacement of the probability density function curve, which is derived from QSI, and diŠusional kurtosis, which is derived from DKI. These new metrics may provide information on tissue structure in addition to that provided by conventional Gaussian DWI investigations that use the apparent diŠusion coe‹cient and fractional anisotropy, recognized indices for evaluating disease and normal development in the brain and spine. In some clinical situations, sensitivity for detecting pathological conditions is higher using QSI and DKI than conventional DWI and diŠusion tensor imaging (DTI) because DWI and DTI calculations are based on the assumption that water molecules follow a Gaussian distribution, whereas hindrance of the distribution of water molecules by complex and restricted structures in actual neural tissues produces distributions that are far from Gaussian. We review the technical aspects and clinical applications of QSI and DKI, focusing on clinical use and in vivo studies and highlighting diŠerences from conventional diŠusional metrics.
Introduction
DiŠusion-weighted imaging (DWI) is widely applied as a noninvasive magnetic resonance (MR) technique for evaluating neural tissue in vivo. A DWI-derived parameter, the apparent diŠusion coe‹cient (ADC), has been widely used for assessment.
Water diŠusion in tissue is aŠected by the presence and orientation of barriers to translational motion, such as cell membranes and myelinˆbers, and is thus sensitive to pathophysiological processes, such as cerebral ischemia, that modify the integrity of these structures. 1 The measured ADC value of water can vary depending upon the orientation of restricting barriers, such as white matter tracts, relative to the direction of the motion-probing gradient (MPG). After measuring the full diŠu-sion tensor, 2 we can calculate the trace [Tr(ADC)] or the average diŠusivity [D＝(l 1 ＋l 2 ＋l 3 )/3, where l 1 , l 2 , and l 3 are the eigenvalues of the diŠusion tensor], which removes the eŠects of anisotropy and myelinˆber orientation from the ADC measurement. Using the full tensor data, fractional anisotropy (FA) can be calculated for the index of the white matter anisotropic properties. These 2 metrics, ADC and FA, are now widely used to diagnose or evaluate disorders of the central nervous system, including stroke, 3 multiple sclerosis, 4 neoplasms, [5] [6] [7] neuropsychiatric disease, [8] [9] [10] and degenerative disease [11] [12] [13] [14] in clinical situations. Despite their usefulness, however, FA and ADC have limitations. One limitation is that FA and ADC, as conventional diŠusion metrics, are calculated based on the assumption of a Gaussian shape for the underlying probability density function (PDF) of the diŠusion of water molecules. However, neuronal tissue is a complex environment, and many factors aŠect the decay of the diŠusion signal, such as water restriction by neural structures and intra-and extracellular water exchange 15 as well as variation in tissue compartment sizes. Therefore, more dedicated, model-free (non-Gaussian) methods for diŠusion have been introduced, and reports of their clinical use have recently increased in number. The most popular methods are measurements of mean displacement (MDP, also known as root mean square displacement) of water molecules using q-space imaging (QSI) and diffusional kurtosis (DK) analysis using diŠusional kurtosis imaging (DKI). In this article, we brie‰y explain the principles of QSI and DKI and address the limitations of ADC and FA in various clinical situations and the advantages of MDP and DK over ADC and FA.
Q-space Analysis
A non-Gaussian diŠusion analysis using multiple b-values, including high b-values, has been introduced to estimate real structural information [16] [17] [18] [19] [20] [21] [22] [23] ; this is called``q-space imaging.'' The main principle in q-space analysis is that a Fourier transformation of the signal intensity with respect to q, Et dif (q), provides the PDF, Ps(R, t dif ), for the water diŠusion: Ps(R, t dif )＝FTs E tdif (q)t , 21 where R＝the distance a spin diŠuses during the allowed diŠusion time; t dif ＝D-d/3, the eŠective diŠusion time; D＝ the time between MPG pulses; and d＝the length of the MPG pulse.
Moreover, the shape of the PDF curvature is characterized by the full width at half maximum (FWHM; Fig. 1) . The MDP or root mean square displacement value at each MPG axis can be calculated using the following equation 21, 23 : MDP value ＝0.425×FWHM. The normal MDP in the white matter and grey matter is reported to be 3.3±0.8 and 7-9, 19 3.8±0.2 and 5-9, 24 6.6±0.2 and 8.44± 0.41, 22 9 and 11.9 mm. 25 This method is theoretically superior to conventional Gaussian diŠusion analysis, but few reports apply it to human studies 21, 26 because QSI is timeconsuming for daily clinical use, generally taking a minimum of 10 min.
DiŠusional Kurtosis Analysis
DKI has a close relationship to q-space imaging, and QSI methods have indeed recently been employed to estimate diŠusional kurtosis. Kurtosis is a dimensionless statistical metric for quantifying the non-Gaussianity of an arbitrary probability distribution. If Mn is the nth moment of a distribution about its mean value, then the kurtosis may be dened as K＝M 4 /M 2 2 -3. 27 The metrics of kurtosis described by Jensen and associates 28 do not need the full diŠusion displacement probability distribution, so the technique is less demanding than QSI in terms of imaging time and gradient strengths.
The important point of Jensen's kurtosis is that the excess DK may be approximately determined from just theˆrst 3 terms of an expansion of the logarithm of the nuclear MR signal intensity in powers of b. This is why DK measurement requires only modest increases in b-values beyond those typically employed for DWI. 28 Parametric maps of Dapp and Kapp were created byˆtting the image signal intensities on a voxel-by-voxel basis to the following formula 28 : S exp ＝s h 2 ＋[S 0 exp (-bDapp ＋1/6×b 2 D 2 appKapp)] 2 t 1/2 , where S exp is the experimental signal intensity, h is the background noise, Dapp is an estimate for the diŠusion coe‹cient in the direction parallel to the orientation of diŠusion sensitizing gradients, and Kapp is an estimate for the diŠusional kurtosis in this same direction. Moreover, additional DKI metrics of mean kurtosis (MK, also known as mean DK), axial kurtosis (K ¿ ), and radial kurtosis (K ⊥ ) are determined as follows. MK is deˆned as the average of the kurtosis over all possible diŠusion directions; K ¿ is deˆned, by analogy to D ¿ , as the kurtosis in the direction of the diŠusion tensor eigenvector with the largest diŠusion eigenvalue; and K ⊥ is dened as the average of the kurtosis over all directions perpendicular to the diŠusion eigenvector with the largest eigenvalues. 29 Figure 2 shows maps of these metrics. Jensen and Helpern emphasized that, unlike in QSI, the maximum b-value for DKI should be carefully chosen because the DKI formula is valid only for DWI data obtained in normal brain tissue with bº3500 s/mm 2 27 (Fig. 3) . In ad- Fig. 1 . The process of calculating q-space imaging (QSI) metrics from a diŠusion-weighted imaging (DWI) dataset. First, a DWI dataset with multiple b-(q-) values was acquired. From left to right, top to bottom, the images re‰ect b-values of 0, 1000, 2000, 3000, … 11,000 s/mm 2 . A q-value signal intensity curve was obtained at each pixel. After the Fourier transformation of the signal decay with respect to q produced a non-Gaussian displacement distribution prole for each pixel in the image, probability density function curves were calculated. The mean displacement (calculated from the full width at half height) and the probability for zero displacement (given by the height of the proˆle at zero displacement) are important indices. The yellow line indicates white matter (WM), the gray line indicates gray matter (GM), and the blue line indicates cerebrospinal ‰uid (CSF).
dition, combinations and maximum b-values used for the DKI should be customized when studying pathological conditions because use of diŠerent combinations of b-values will yield diŠerent kurtosis values.
Software for Calculating Non-Gaussian Metrics
There is no standard software for calculating non-Gaussian metrics; published reports have used original, in-house software or routines. 18, 21 However, for q-space analysis, QSI-analyzer was introduced for calculating the FWHM of the PDF and the mean displacement of water molecules. 22, 26, 30, 31 For diŠusional kurtosis analysis, diffusion kurtosis estimator (DKE) 29, 32 and the combination of dTV¿FZR (http://www.ut-radiology. umin.jp/people/masutani/dTV.htm) and VOLUME-ONE software (http://www.volume-one.org/) have been introduced in the literature 33, 34 (Fig. 4) .
Clinical Application

Cerebral ischemia
ADC values in acute stroke may show an early decrease due to cell depolarization and cytotoxic edema over minutes to one hour, when T 2 -weighted imaging may still be normal;``pseudonormalization'' after one to 10 days due to increased extracellular water content (vasogenic edema); and then a further rise above normal ranges due to cell lysis and necrosis. 35, 36 It is an oversimpliˆcation to associate ADC decreases with cerebral ischemia in general; a decrease in ADC is an indicator of ischemia, but it is neither speciˆc to irreversible tissue damage nor does it occur under all circumstances. 37 In human stroke, the degree to which ADC decreases is correlated with ischemic impairment but does not predict the fate of the tissue after potential reperfusion. 37 Changes of FA value have often been used to evaluate white matter damage resulting from speciˆc lesions, particularly of major bundles. In addition to the FA values themselves, 3-dimensional tractography calculated using the FA values has also been used to evaluate small lacunar infarctions near the corticospinal tracts; the relationship between the tract and fresh infarction correlates well with motor function 2 weeks later. 38 Three-dimensional diŠusion tensor tractography allowed us to measure the FA values of the corticospinal tracts selectively with an optimal tractability threshold (FA values of about 0.20). 39 However, there have been few studies of ischemic lesions themselves using FA values. Morita and colleagues reported that signiˆcant changes in diŠusion anisotropy were limited to the severely infarcted core of the white matter, 40 and those changes were observed in only 3 patients. Assaf and Pasternak reported apparently limited radiological beneˆts of diŠusion tensor imaging (DTI). 41 In the vast majority of diseases, reduced FA also characterizes abnormal white matter, typically deˆned as such from T 2 -weighted MR images. In areas of normal-appearing white matter (NAWM), FA measurement shows signiˆcant changes not apparent on conventional MR imaging, but these are typically small and may be less apparent on a single-subject level.
In an experiment using stroke-prone spontaneously hypertensive rats (SPSHR), which develop multifocal stroke lesions in the brain subsequent to hypertension, Assaf and associates found that metrics obtained using a low b-value dataset produced fewer signiˆcant changes than those obtained using a high b-value q-space diŠusion image. 42 The qspace MDP was signiˆcantly higher in the white matter of the SPSHR group than the control group. Electron microscopy also showed signiˆcant demyelination in the spinal cords of the SPSHR. The results may indicate that high b-value QSI might be a useful method for observing demyelination and axonal loss. Hori and colleagues 26 compared MDP values using q-space analysis with ADC using conventional Gaussian metrics in 22 acute or subacute ischemic lesions and found no correlation between ADC and MDP values; though ADC values decreased in all lesions, most lesions (16/22) had higher MDP values than normal brain tissue. A more detailed study is needed to evaluate these maps as potential biomarkers for patients with stroke, but the results suggest that MDP maps acquired from QSI data provide additional and unique information compared to those obtained from conventional diŠusion-weighted sequences (Fig. 5) . MR imaging methodologies, and QSI in particular, can also be used to observe neuronal remodeling after brain injury or stroke. 43 Conventional DTI measurements using the Gaussian diŠu-sion tensor model can only be used to evaluate latestage remodeling that is generally characterized by well-organized axons, whereas QSI can better detect axonal remodeling at the early stage, when ax- Jensen's group reported substantial increases in MK within ischemic lesions for 3 patients with stroke. 29 For theˆrst time, they determined the changes in K ¿ and K ⊥ for human focal cerebral infarction. For lesions with strongly oriented axon bundles, i.e., large contralateral FA values, the change was much greater in K ¿ than K ⊥ , suggesting a large decrease in the intra-axonal diŠusivity. Their study illustrates how the application of DKI to the investigation of ischemic stroke can lead to better characterization of the associated, but still not fully understood, changes in water diŠusion. DKI thus seems to be a promising method for providing information that conventional diŠusion metrics have not been able to show. Hori and associates reported similar results with DKI in a woman with cerebral infarction and gathered additional information, including a more detailed evaluation of pathologic tissue changes. 33 In this patient, DKI of the stroke lesions showed high intensity in the periphery and a dark dot in the center, whereas conventional DWI produced a homogeneously high signal (Fig. 6 ). Follow-up MR examination 6 months later showed a hyperintense rim in the area corresponding to the hyperintensity in the DKI. DKI may thus be able to detect the area of gliosis in an ischemic lesion at an early stage after stroke onset. 33 
Multiple sclerosis
Macroscopic damage is well demonstrated by conventional MR imaging, such as T 2 -weighted imaging and ‰uid-attenuated inversion recovery (FLAIR) imaging, but not in occult microscopic pathology. 4 Several diŠusion MR imaging studies have revealed abnormalities of diŠusion metrics including FA and ADC in NAWM and normal-appearing gray matter (NAGM) in patients with several types of multiple sclerosis. [44] [45] [46] [47] [48] [49] In these studies, ADC and FA measurements could detect abnormalities with higher sensitivity than conventional MR imaging, such as T 2 -weighted imaging and FLAIR. Non-Gaussian diŠusional metrics have shown promising results in studies with small numbers of patients with multiple sclerosis. High b-value QSI showed higher sensitivity than DTI to pathological changes in NAWM and lesions. 19 DKI also showed promising results in patients with multiple sclerosis; in these patients, DKI has a clinical advantage because mean kurtosis values are relatively larger in regions of crossingˆbers, whereas FA values are lower than surrounding normal white matter (Fig.  7) . Therefore, DKI may be a preferable method for evaluating NAWM. Moreover, a recent study showed abnormal FA values in NAGM, 50 but evaluation of many subjects may be necessary to see signiˆcant diŠerences between patients and normal controls. In contrast, the use of DKI to evaluate structural changes in gray matter has been reported in relatively small numbers of subjects. 51, 52 Therefore, DKI may be useful in the evaluation of NAGM in patients with multiple sclerosis. Brain MR imaging demonstrated multiple cerebral infarctions, including a subacute lesion in the right frontal deep white matter, which appeared as a high signal on diŠusion-weighted imaging (DWI) (a) and a low signal on the calculated apparent diŠusion coe‹cient (ADC) map (b). However, the corresponding mean diŠusional kurtosis (DK) image shows peripherally high intensity and a dark dot within the stroke lesion (c). The mean DK value for the region of high intensity was 1.596 and of the dark dot, 0.591. Two weeks later, additional MR scanning revealed a homogeneously high signal on both DWI (d) and the ADC map (e) and a partially normalized mean DK (f ) in the region corresponding to the ischemic lesion. The mean DK value for the normalized area was 0.842. In a ‰uid-attenuated inversion recovery (FLAIR) image taken 6 months later (g), the stroke lesion revealed a low signal in the central cystic portion, with peripheral high intensity, as in theˆrst DK image. 
Neoplasms of the brain and spine
An association of the ADC calculated from DWI with tumor cellularity is reported [53] [54] [55] and could aid the diŠerential diagnosis of brain tumors. Although some papers have focused on diŠerentiating high-grade gliomas and lymphoma, whose cellularities are diŠerent, 53, [56] [57] [58] [59] [60] ADC values overlap between gliomas and lymphoma. 61 Murakami's team reported that use of the ADC can improve accuracy in grading astrocytic tumors, using a combination of minimum ADCs and ADC diŠerence values (2-parameter method). 62 However, the clinical usefulness of this technique remains limited because of overlap in the regional Fig. 7 . A mean diŠusional kurtosis (DK) image (a) showed no signal loss at white matterˆber crossing points, unlike the corresponding fractional anisotropy (FA) image (b, arrows). DK imaging may therefore be a better tool for evaluating white matter lesions than FA. ADC values among gliomas of diŠering grades, 63, 64 in particular between tumors of WHO grades II and III. The ADC was thought to be inversely correlated with tumor cellularity because higher grade tumors have been found to have higher cellularity than tumors of lower grade. Though there are few reports of the use of non-Gaussian diŠusional techniques to evaluate brain tumors, the techniques seem promising by showing better results than conventional diŠusional metrics. Raab and colleagues showed that DKI data are superior to ADC in diŠerentiating glioma grades. 65 In their results, mean kurtosis values increased with increasing grade (Fig. 8) , whereas ADCs tended to decrease with tumor grade and FA values did not diŠer signiˆcantly among tumor groups. Signiˆcant diŠer-ences between astrocytoma of WHO grades II and III were demonstrated only by DK values. 65 In addition, Van Cauter and associates reported signiˆcant diŠerences in kurtosis parameters between high-and low-grade gliomas using mean, radial, and axial kurtosis values on a 3T MR imaging scanner. 66 In this report, only kurtosis MR imaging parameters showed signiˆcant diŠerences between diŠerent grades of gliomas; FA and mean diŠusivi-ty did not diŠer signiˆcantly between them.
With respect to spine and spinal cord tumors, Hori's group reported the MDP values of normal spinal cord (6.57±0.52), cerebrospinal ‰uid (CSF) (17.6±2.75), and tumor (neurinoma) parenchyma (8.49±2.09) ( mm, mean±standard deviation) obtained using QSI with a maximum q value of 836.9 cm -1 on a 1.5T MR imaging scanner (Fig. 9) . In general, MDP maps did not correlate well with corresponding ADC maps at the pathologic lesions. Therefore, they concluded that this technique has the potential to provide additional clinical informa- tion to that obtained with conventional MR imaging. 31 
Neuropsychiatric disease
In the past few decades, advanced MR imaging techniques, such as functional MR imaging, MR spectroscopy, and diŠusion-tensor imaging, have shown correlations between functional, chemical, and structural changes and psychiatric disorders. 67 The conventional DTI technique is reported to identify white matter disruptions in speciˆc regions, such as the cingulum, uncinate fasciculus, arcuate fasciculus, and corpus callosum, 68, 69 and decreased FA has been observed in lesions in patients with schizophrenia. 68, 69 Moreover, decreased FA has been observed in the frontal tract and corpus callosum in patients with bipolar disorder. 70, 71 In general, abnormal white matter connections are common in patients with schizophrenia and aŠec-tive disorders. 67 There are small numbers of studies in thisˆeld using non-Gaussian DWI. Using DKI measurements, Helpern's group reported less development of the frontal white matter in patients with attention-deˆcit hyperactivity disorder than in typically developing controls. 51 In addition, gray matter microstructure also lacked the signiˆcant age-related increase in complexity seen in controls; only kurtosis measures could detect this diŠerence. Therefore, the authors concluded that DKI provides information about changes in tissue microstructure that is more sensitive than and complementary to that provided by conventional diŠu-sion imaging methods. In patients with Alzheimer disease and mild cognitive impairment, histogram analysis of mean diŠusivity, FA, and MK suggested a continuous spectrum of changes in tissue microstructure during normal aging and during the progression to Alzheimer disease, though the study population was small. 72 A clinical QSI study also showed the usefulness of QSI parameters for assessing Alzheimer disease. Using tract-based analysis, Taoka and colleagues identiˆed decreased maximal probabilities of PDF, broader FWHM, and sharper MK in the bilateral uncinate fascicles and posterior cingulum in patients with Alzheimer disease compared with normal volunteers. They speculated that the results may re‰ect altered permeability or damage in the cell membrane, myelin, or both. 73 Changes in the brain and spinal cord with aging and degenerative disease DTI has been also used to study degenerative changes in healthy and diseased brain. The most commonˆndings from DTI research related to aging are age-related increases in mean diŠusivity and decreases in FA. 74 As for non-Gaussian DWI, various diŠusivity parameters estimated by the DKI model were powerful tools for assessing changes in tissue microstructure and detecting developmental changes in transgenic rat pups in a Huntington disease model. 75 Moreover, Zhuo and associates showed that DKI can detect microstructural changes associated with reactive astrogliosis following traumatic brain injury that may be missed when using standard DTI parameters. 76 FA of the cingulate 77 and Wang's team showed that the mean kurtosis of the ipsilateral substantia nigra performed best in diagnosing Parkinson disease (sensitivity, 0.92; speciˆcity, 0.87), compared with conventional diŠusion metrics including FA, mean diŠusivity, axial diŠusivity, and radial diŠusivity. 78 Therefore, non-Gaussian DWI and DKI, in particular, may be promising for the evaluation of degenerative changes in vivo.
Studies assessing the spinal cord have shown similar results to those seen in the brain, including the general observation that FA decreases with the progression of degenerative changes. 79, 80 Using non-Gaussian DWI, Hori's group reported that mean DK and MPD values in the spinal cord may be highly sensitive indicators of microstructural changes and damage in early cervical spondylosis (Fig. 10) . 34 In general, non-Gaussian metrics may provide additional information for the assessment of degenerative changes and disease in the brain and spinal cord.
Current Limitations and Future Challenges
The most important hurdle to using QSI as a daily clinical tool is the long scan time. Acquisition of a QSI dataset that covers the whole brain with 3-mm isotropic spatial resolution requires 10 min. Though scan time is shorter for DKI than QSI, larger numbers of MPGs will lead to better contrast in the DK map. Farrell's group suggested that acquisition of images at fewer b-values and using â tting and interpolation procedure could reduce total scan time for a QSI dataset. 21 Otherwise, some advanced technique, such as compressed sensing, 81 will be needed to overcome the problem.
A second problem, the appropriate registration method to use with DWI data obtained with high bvalues (bÀ3000 s/mm 2 ), remains under investigation. Existing registration methods for DTI are not eŠective at these values and may occasionally lead to misregistration. Therefore, a speciˆc method should be developed for high b-value datasets.
Conclusions
Although the methodologies of non-Gaussian diŠusion analysis, including QSI, provide a better theoretical basis on which to address the complicated diŠusion of water in white matter, experimentally, they are time consuming and require strong computational power. 41 They cannot replace the fast acquisition and analysis of DTI, but they most certainly can yield complementary information not obtained with DTI. 41 DKI is an expansion of DTI and requires less hardware and software than QSI and, so, will be a better tool than QSI for clinical use.
